I ntroduction
In the lactating sow, greater than one-half of the total glucose entering circulation is used by mammary tissue for milk production (Linzell et al., 1969) . Spencer et al. (1969) and Spencer and Rook (1971) reported that almost 60% of the total uptake of all plasma constituents by sow mammary glands was glucose and 70% of lactose in milk was synthesized from glucose. Concentration of insulin in blood plasma of sows during lactation is inversely proportional to milk yield and to content of lactose and water in milk (Reynolds and Rook, 1977) . In the nonruminant, glucose predictably is insulinogenic and insulin concentration is inversely associated with milk yield. Therefore, a glucoseprovoked insulin release might paradoxically limit milk synthesis and secretion. Compared with glucose, fructose is only mildly insulinogenie (Dunnigan and Ford, 1975 ; Macdonald et al., 1978; Brenner et al., 1981) , but is a major metabolite in intracellular glucogenic and glucolytic pathways. In the pig, iv injections of fructose increased concentrations of fructose and glucose in plasma (Brenner et al., 1981) . However, elevated concentrations of glucose after fructose injection elicited only small increases in concentrations of insulin in plasma and it is possible that this occurrence could be managed to increase yields of milk and milk nutrients. Objectives of this experiment were to evaluate yield and composition of milk from sows fed diets containing fructose or dextrose during a 22-d lactation. Sow and litter weight change and effects of dietary fructose or 141 JOURNAL OF ANIMAL SCIENCE, Vol. 59, No. i, 1984 dextrose on plasma concentrations of fructose, glucose and insulin of sows also are reported.
Materials and Methods
General. Yield and composition of milk from 25 Hampshire-Yorkshire x Large White sows fed one of three dietary treatments were estimated twice during a 22<! lactation. Sows were of uniform body weight (BW; 154 + 5 kg), approximately 2 yr of age and all had farrowed once previously. They were allotted at random to treatment groups. Eight sows each were fed 6 kg/d of a corn-soybean control diet (diet C). Nine sows each were fed the control diet in which 24% of .the composition was supplied by high fructose corn syrup (diet F) and eight sows each were fed the control diet in which 24% of the composition was supplied by powdered dextrose (diet D). When sow BW was averaged among treatments throughout the study, the intake of fructose or dextrose by those fed diets F or D approximated 6.5 g'kg BW -1 "d -1 . Each diet was fed from d 1 of lactation. Estimates of metabolizable energy (ME) contained in diets fed were calculated from published data (NAS, 1971) . Diets were essentially isocaloric and contained equivalent lysine to meet requirements for the lactating sow (NRC, 1979) . The composition of diets is in table 1.
Sow and Litter Performance. The farrowing crate was modified by elevating the feeding bowl and drinking cup to a level above the reach of nursing pigs. Consequently, they were not allowed access to their dams' feed or water and neither were they offered creep feed. Litter size was adjusted as closely as possible to 10 pigs/sow on the day of farrowing to assure consistent lactation challenge across treatments. Pigs that died before d 14 of lactation were replaced with pigs of similar weight and age when available. Milk yield of sows was estimated on d 14 and 21 using the weigh-suckle-weigh method described by Lewis et al. (1978) . On d 15 and 22 of lactation, sows were injected im with 40 USP units of oxytocin, and a 200-ml composite sample of milk was expressed by Lowry et al. (1951) , lactose by the method of Marier and Boulet (1959) and lipids by the modified Babcock test described by Atherton and Newlander (1977) . Total solids were determined gravimetrically from lyophilyzed 100-g aliquants of whole milk. One-gram samples of lyophilyzed milk were combusted in an adabiatic calorimeter 6 to determine gross energy. Plasma Collection and Analyses. Five of eight sows fed diet C (C sows), 12 sows fed diet F (F sows), which included the nine previously described, and five of the eight sows fed diet D (D sows) were surgically fitted with cannulae implanted into the jugular vein. Five-milliliter samples of blood were collected into heparinized tubes 30 min before feeding and hourly for 6 h postprandial on seven different but nonconsecutive days ranging from d 1 to 20 of lactation. Plasma was harvested after centrifugation of blood at 4 C and then analyzed for concentration of fructose by the method of Roe (1934) . Concentration of glucose in plasma was measured by the specific glucose oxidase: peroxidase reaction utilizing O-dianisidine dihydrochloride as the chromagen acceptor 7. Insulin in plasma was assayed by the doubleantibody technique of Soeldner and Sloane (1965) . The first antibody was developed in the guinea pig against porcine insulin, the second against guinea pig gamma globulin in sheep. Standards were prepared from porcine insulin 7 (25.8 IU/mg). Samples of each plasma and milk constituent were assayed in duplicate. Concentrations of insulin in all samples from each sow table 4 . When compared with C and D sows, F sows had higher production of all milk constituents measured and differences were the result of higher milk yield. Total yields of protein and lactose in milk from F sows were significantly higher on d 22 than on d 15. The total energy in milk from D sows declined (P<.03) from d 15 to 22 of lactation.
Plasma Constituents. Least-squares mean concentrations of fructose, glucose and insulin in plasma are shown in table 5. Sows fed diet F consistently had greater (P<.01) concentrations of fructose and glucose in plasma than did sows fed diets D and C. However, mean concentration of insul.in in plasma of D (14.6 /~U/ml) and C sows (16.5 /IU/ml) was approximately 2.5-fold greater than in F sows (6.4/zU/ml).
Statistical Analysis. Coefficients and probability levels for gross correlations are given in table 6. Litter weight gain at weaning was positively correlated with milk yield and lactation weight change. The correlation of litter weight gain with concentrations of protein, lipids and total solids was negative but significant. Litter weight gain was positively correlated with lactose and gross energy, although the coefficient for gross energy was not significant. bModel of analysis included treatment, sow (treatment), day of collection, day of lactation, hour (linear), hour (quadratic) and hour (cubic).
C'dMeanswith different superscripts differ (P<.OI).
Discussion
Mean yield of milk by sows during this study was greater than reported by Klaver et al. (1981) but similar to yields reported by Lewis et al. (1978) , Boyd et al., (1982) and Coffey et al. (1982) . Weight gain of pigs weaned at d 21 of lactation was influenced significantly by milk yield. Positive associations between pig weaning weights and sow milk yield also were reported by Fahmy (1972) , Lewis et al. (1978) , Boyd et al. (1982) and Lellis and Speer (1983) .
In the sow (Spencer and Rook, 1971) , cow (Kronfeld et al., 1963) and goat (Linzell, 1967) , factors affecting synthesis of lactose also affected milk yield. Linzell and Peaker (1971) showed that synthesis of lactose from glucose followed Michaelis-Menten kinetics at least to the point of saturation in the synthesizing mechanism. As concentration of glucose in plasma increased, lactose synthesis in the mammary gland increased. Compared with D and C sows, F sows had a greater percentage of glucose in plasma and lactose in milk (d 15 and 22) , and these were associated with greater milk yield. The negative correlations between milk yield and percentages of protein, lipids and total solids appeared to result from an overall dilution effect presumably resulting from quantitative increases in lactose and water. Lewis et al. (1978) reported a positive nonsignificant correlation between yield and percentage total solids, but the correlation between yield and percentage N, an estimate of protein content, also was negative. In agreement with our observations, Smith (1960) showed that the lipid content of sow's milk was reduced as yield increased.
In previous studies where dietary carbohydrate was supplied by different sugars, metabolic processes were affected appreciably. Allen et al. (1966) and Allen and Leahy (1966) showed that diets containing sucrose or fructose fed to laboratory rats increased plasma cholesterol concentrations and fat in skeletal muscle and liver when compared with isocaloric diets containing dextrose or liquid glucose. Further, the sucrose and fructose diets increased concentration of lipids in serum and this was associated with an increase in deposition of abdominal fat. Similar results were reported by Brook and Noel (1969) . Macdonald et al. (1981) demonstrated that total fat deposited expressed as gross energy in food was doubled in rats fed sucrose compared with those fed diets containing dextrose or starch, and these data suggest that source of ME affects tissue metabolism.
In the present study, milk yield and total quantity of milk constituents secreted by sows among treatments differed only by source from which part of the ME component was supplied, i.e., fructose or dextrose, although diets were essentially isocaloric and daily intake was identical. Lellis and Speer (1983) reported that lactating sows fed isonutritive diets differing only in source of ME (tallow vs dextrose) had different energetic efficiencies for milk production. In addition, the weight gain of pigs nursing sows fed tallow was significantly greater than those nursing sows fed dextrose. Boyd et (1982) also demonstrated that source of ME in isocaloric diets affected milk yield and composition. In their study, lactating sows fed a basal diet supplemented with tallow produced more milk with greater concentration of milk solids and fat than sows fed the same basal diet supplemented with cornstarch. Other studies have shown that additions of fat to sow lactation diets increased ME available for milk production and elevated milk fat content (Seerley et al., 1978; Stahly et al., 1981) , and Pettigrew (1981) has extensively reviewed the literature concerned with fat supplementation of gestation-lactation diets fed sows.
Results of the present study also suggest that dietary energy required to provide a unit of ME may vary significantly with source, and equicaloric diets containing fructose or dextrose do not contain equivalent units of ME for milk synthesis. Physiological mechanisms that determine the interrelationship between source of ME and milk yield by the sow are not well understood. Yet, apparent metabolic changes are associated with lactogenesis, e.g., increased lipolysis, gluconeogenesis and glycogenolysis concurrent with decreased lipogenesis (Bauman and Currie, 1980) . These events increase the availability of glucose for synthesis of lactose and other milk constituents while preparing body tissues in general for greater dependence on lipids as an energy source. In this manner, the role of lipids during lactation may be thought of as "glucose-sparing."
Concentrations of fructose and glucose were significantly greater and insulin was lower in plasma of sows fed dietary fructose when compared with sows in other treatments 9 Brenner et al. (1981) reported increased glucose concentration in plasma of neonatal pigs injected with 1 g fructose/kg BW, but no detectable rise in insulin occurred until pigs were greater than d 7 of age. Dunnigan and Ford (1975) reported that fructose was noninsulinogenic when blood concentrations of glucose in man were at or below fasting. After oral or iv administration, fructose elicited only small change in insulin concentration in man (Aitken and Dunnigan, 1969; Ginsberg et al., 1970) , dog (Kuzuya et al., 1969) and rabbit (Nijjar and Perry, 1970) . We found no literature for any species citing lactation response to oral or infused fructose and we offer no explanation for the chronically depressed concentrations of insulin in plasma from sows fed diet F observed throughout this study. The increase in milk yield from sows fed diet F appeared to be the result of elevated plasma glucose and, in the presence of low insulin concentration, uptake of glucose by the mammary gland may have been instrumental in regulating concentrations of glucose in plasma. Sows fed diet F also had greater lactation weight change when compared with sows in other treatments. The greater BW loss could have resulted from the lower mean concentration of insulin in plasma. This explanation seems plausible because the effects measured mimic those of diabetes mellitis, where body tissues are wasted in the presence of elevated glucose.
In lactating swine, cattle and goats, the inverse relationship between Concentration of insulin in p'lasma and content of lactose and water in milk is mediated through glucose. Injecting or infusing insulin into lactating dairy cows (Kronfeld et al., 1963; Rook et al., 1965; Schmidt, 1966) and goats (Linzell, 1967) resulted in decreased milk yield, lactose and water percentage and blood glucose, while the percentage composition of milk lipids and protein increased. In each study, simultaneous infusions of glucose with insulin restored milk yield and concentrations of constituents to pretreatment levels. These authors concluded that decreased production of milk in response to insulin resulted from hypoglycemia rather than the effect of insulin per se. Similar results were reported for the lactating sow (Reynolds and Rook, 1977) , although simultaneous infusions of insulin and glucose were not reported. Kuhn et al. (1980) demonstrated that insulin did not affect glucose transport across mammary membranes in the cow, but did increase uptake of glucose and fatty acids by adipose tissue. It is probable that insulin does not affect glucose transport into the sow mammary gland. Alternately, the threshold level of receptor sensitivity for insulin by the sow mammary gland during lactation may be much lower than that of other body tissues. Although no literature was found that supports or contradicts either suggestion, evidence for them is supported by data of Linzell et al. (1969) , who showed that mammary uptake of glucose by the lactating sow was many times that of other body tissues; accounting for approximately 50% of total glucose entering circulation. Functionally, glucose transport into the mammary gland occurs within a competitive environment, with insulin diverting or partitioning glucose for use in other tissues. However, synthesis of lactose largely independent of insulin concentration would favor milk production during lactation.
The data reported herein are consistent with those of Lellis and Speer (1983) , suggesting that source of ME affects the efficiency of milk synthesis. Major differences were apparent in the abilities of sows to convert dietary glucose or fructose into milk. Dietary fructose may have altered the ME of other dietary ingredients and(or) served as a precursor for milk constituents other than lactose, thereby sparing glucose. High pressure liquid chromatography of milk aliquants from all treatments revealed no abnormal carbohydrates and no fructose was present in milk. Therefore, the significantly greater weight gain among nursing pigs from sows fed diet F was attributed to increased yield of milk and not composition.
Results suggest that fructose could be used to advantage in sow management programs to increase total yield of milk and constituents, but dose titration studies must be conducted to determine concentrations necessary to meet requirements of body and mammary tissues during lactation. At the level fed, dextrose does not appear to be an ingredient of choice for lactation diets.
Physical Problems, Characteristics and Feeding Recommendations. Mixing diets containing fructose corn syrup presents minor practical problems. Using the processing methods current to technology, fructose produced by enzymatic hydrolysis and inversion of cornstarch is a solute in approximately 20% water. This solution has a sticky property, but blends well with grain:meal-based feeds. Using a 250-kg capacity horizonal mixer and the formulation given in table 1, fructose syrup was ladled onto the other preblended dry ingredients comprising the diet. The result was a feed having damp sticky consistency, but this property diminished quickly with time as moisture was absorbed into the grain:meal components. To minimize bridging in feeders, batches usually were fed beginning the day after mixing. Storage properties of fructose syrup and the complete feed were good at room temperature. Palatability of diet F was judged excellent and the 6.4 kg/d (wet weight) usually were consumed during a single standing lasting approximately 20 min.
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